Pseudotumour is a rare but important complication of metal-on-metal hip resurfacing that occurs much more commonly in women than in men. We examined the relationship between head-neck ratio (HNR) and pseudotumour formation in 18 resurfaced hips (18 patients) revised for pseudotumour and 42 asymptomatic control resurfaced hips (42 patients).
Pseudotumour is a rare but important complication of metal-on-metal hip resurfacing that occurs much more commonly in women than in men. We examined the relationship between head-neck ratio (HNR) and pseudotumour formation in 18 resurfaced hips (18 patients) revised for pseudotumour and 42 asymptomatic control resurfaced hips (42 patients).
Patients in whom pseudotumour formation had occurred had higher pre-operative HNR than the control patients (mean 1.37 (SD 0.10) vs mean 1.30 (SD 0.08) p = 0.001). At operation the patients with pseudotumours had a greater reduction in the size of their femoral heads (p = 0.035) and subsequently had greater neck narrowing (mean 10.1% (SD 7.2) vs mean 3.8% (SD 3.2) p < 0.001). No female patient with a pre-operative HNR ≤ 1.3 developed a pseudotumour.
We suggest that reducing the size of the femoral head, made possible by a high preoperative HNR, increases the risk of impingement and edge loading, and may contribute to high wear and pseudotumour formation. As the incidence of pseudotumour is low in men, it appears safe to perform resurfacing in men. However, this study suggests that it is also reasonable to resurface in women with a pre-operative HNR ≤ 1.3.
Contemporary metal-on-metal hip resurfacing arthroplasty (HRA) is an established option for the treatment of end-stage osteoarthritis in young adults 1 with the perceived advantage of restoration of hip joint anatomy. 2 However, it has recently been suggested that there is a reduction in head-neck ratio (HNR) following resurfacing arthroplasty. 3 Most studies have ignored the femoral head articular cartilage, which can be up to 2.6 mm thick 4 and therefore contributes to the real HNR. A decrease in HNR may restrict the range of movement and probably increases the risk of impingement.
Registry data suggest that the mid-term failure rate in HRA is increased compared to conventional total hip replacement (THR), especially in women. 5 Causes of failure include fracture of the femoral neck, avascular necrosis, loosening, infection 6 and pseudotumours. 7 Additionally subsequent narrowing of the femoral neck is well recognised, but the aetiology and significance remains unknown. 8, 9 Pseudotumours are a rare but important complication of HRA. Our previous investigation suggested that they occur in about 1% or 2% of patients, 10 and symptoms can be severe, often leading to revision. 11 Risk factors for pseudotumour include female gender, hip dysplasia, age < 40 years and small components. 10 Pseudotumour formation is usually a reaction to increased wear debris, 12,13 which may be a consequence of impingement and/or edge loading.
14 Both processes are influenced by design, component position, mechanical factors and patient variables.
14-16 Acetabular component malposition has been shown to have a role in pseudotumour development, however pseudotumours can occur with wellorientated components, 17 suggesting that other factors are contributing to the process.
A small amount of narrowing of the femoral neck tends to occur in the majority of resurfaced hips, with a resultant increase in the HNR. Up to 25% of resurfaced hips are thought to have > 10% narrowing, occurring mainly in the first two to three years postoperatively. 1 Interestingly, the risk factors associated with neck narrowing are similar to those for pseudotumour formation. 1 The literature is inconsistent about how the HNR is measured. In the native hip, it is generally considered to be the ratio of the diameter of the femoral head to the minimum width of the femoral neck, which we will term HNR. 3 In contrast, after HRA, it is considered to be the ratio of diameter of the femoral head to the diameter of the neck at the head-neck junction, which we will term the head junction ratio (HJR). 8 The aims of this study were to measure the head-neck ratio before and after HRA and to examine the association between pseudotumour and changes in head-neck ratio.
Patients and Methods
We included the first 26 consecutive HRAs (25 patients) revised for pseudotumour in our unit. The majority of these patients have been reported previously. 7, 8, 17 The diagnosis of pseudotumour was made on the basis of clinical, radiological, intra-operative and histological findings. We aimed to match each hip in which a pseudotumour had occurred with two asymptomatic HRAs from our entire cohort of patients with HRAs (1502 hips, 1313 patients), in order to increase statistical power. Controls were matched for the known risk factors for pseudotumour formation: gender, age, pre-operative diagnosis and component size, as well as duration of follow-up. In order to investigate the changes over time, a minimum of the pre-operative, post-operative and prerevision surgery or most recent follow-up radiographs had to be available. Complete sets of radiographs were only available for 18 hips (18 patients) with pseudotumour (pseudotumour group) and 42 control hips (42 patients, control group). Implants from three manufacturers were involved: Birmingham Hip Resurfacing (n = 11, Smith & Nephew, Birmingham, United Kingdom), Conserve Plus (n = 6, Wright Medical Technology, Memphis, Tennessee), and ReCap (n = 1, Biomet, Warsaw, Indiana). The mean time to revision was 3.6 years (0.9 to 8.3). The mean follow-up for controls was 2.8 years (0.6 to 7.3) ( Table I) . Measurements. All the radiographs were measured twice by one author (GG), who was blinded to group and time sequence and the mean value from the two sets of measurements was used for subsequent analysis. The intra-class correlation coefficient (ICC) for the two sets of measurements was 0.982 (95% confidence interval (CI) 0.976 to 0.987). A subset of the measurements (n = 18) were repeated by a second observer (HP) to establish the interclass correlation for these measurements, which was 0.940 (95% CI 0.848 to 0.977).
Pre-operative HNR (HNR pre ), based on the bony outline of the head, was measured using the method of Doherty et al. 18 A line was defined between the centre of the femoral head and the centre of the femoral neck at its narrowest section. The maximum diameter of the femoral head perpendicular to this line was measured, and in a similar manner the minimum diameter of the proximal femoral neck was measured. The measurements from the post-operative (HNR post ) and pre-revision/follow-up radiographs (HNR follow ) were made with the femoral component being measured instead of the femoral head. Assuming the cartilage layer was 2 mm thick (4 mm increase in diameter), 4 the HNR based on the diameter of the head, including the articular cartilage pre-operatively (HNR art ), was calculated. During the operation, as the minimal neck diameter did not change, the change in head size can be calculated from the change in HNR.
The HJR measurements were also made using the postoperative and pre-revision/follow-up radiographs. The method used was similar to that used for HNR, except that the width of the neck was measured at the junction of the neck with the femoral component, as previously described. 8 The difference in the HJR measurements made from postoperative and follow-up radiographs allowed us to calculate the degree of narrowing of the neck at the base of the component, which we termed junction narrowing.
The radiographic anteversion and inclination of each acetabular component were measured using Ein-Bild Roentgen Analyse (EBRA).
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Analyses. Differences in HNR pre-operatively, postoperatively and at revision/follow-up were examined using the non-parametric Wilcoxon's signed-ranks test.
The immediate changes in HNR as a result of the operation can be expressed relative to either the pre-operative HNR, based on the measurement of the bony dimensions, or the addition of the articular cartilage thickness. Similarly, the changes between post-operative and follow-up were expressed as changes in both HNR and HJR. The percentage of neck narrowing (NN%) that occurred between the post-operative and follow-up radiographs was calculated as follows:
The percentage junction narrowing (JN%) was calculated as follows:
The correlations between changes in HNR and HNR pre were examined using Spearman's rank correlation coefficient. Changes in HNR and HJR at the various time points were examined on a gender and group basis using the nonparametric Mann-Whitney U test. Differences between the two groups in acetabular anteversion and inclination were also examined using the Mann-Whitney U test.
The power of HNR pre and the change of HNR art to the HNR post for predicting pseudotumour development were examined by receiver operating characteristic (ROC) analyses performed both for the whole cohort and considering women only. Finally, this analysis was performed for the whole cohort to examine the diagnostic power of JN% in detecting pseudotumour formation. The area under the curve (AUC) is an indication of predictive power: a perfect predictor has a curve = 1.0, whereas that no better than random chance has a curve = 0.5. 20 Statistical significance was defined as a p-value ≤ 0.05.
Results
Entire cohort findings. The mean HNR pre was 1.32 (SD 0.09) and the mean HNR art was 1.44 (SD 0.10). The mean HNR post was 1.33 (SD 0.07); this was no different from HNR pre (p = 0.494), but was significantly (p < 0.001) smaller than HNR art (Table II) . By the time of revision or follow-up, the HNR had increased significantly (p < 0.001), with mean HNR follow being 1.39 (SD 0.12). The latter was significantly (p < 0.001) larger than HNR pre , but significantly (p < 0.001) smaller than HNR art . Similarly, HJR had increased significantly (p < 0.001) at follow-up, with the mean HJR post being 1.26 (SD 0.07) and the mean HJR follow increasing to 1.34 (SD 0.12). The mean proportional junction narrowing between the post-operative value and follow-up was 5.7% (SD 5.6).
The changes in HNR were significantly (p < 0.001) negatively correlated to HNR pre (Fig. 1) , with the correlation being greater when the articular cartilage thickness was included (r = -0.69) than when the bony dimension was used (r = -0.61). Entire cohort: differences between genders. Both pre-operative measures of HNR were significantly larger for the women than for the men: HNR pre was 1.33 (SD 0.09) for women compared to 1.24 (SD 0.09) for men (p = 0.006), and HNR art was 1.46 (SD 0.09) for women compared to 1.33 (SD 0.09) for men (p = 0.003) ( Table II) . The significant difference in HNR between women and men was maintained post-operatively (p = 0.008), with HNR post being 1.34 (SD 0.06) for women and 1.26 (SD 0.09) for men. At followup, women had larger HNR with a mean of 1.40 (SD 0.12), compared to men with a mean of 1.33 (SD 0.12), but this difference was not statistically significant (p = 0.065).
HJR post-operatively was significantly larger (p = 0.001) in women, with a mean of 1.28 (SD 0.06), in comparison to men with a mean of 1.19 (SD 0.06) (Table II) . At follow-up, women still had larger HJR, but the difference was not significant (p = 0.064), HJR follow being 1.35 (SD 0.12) for women and 1.30 (SD 0.14) for men. Pseudotumour group versus control group. HNR pre was significantly (p = 0.001) larger for the pseudotumour group (mean 1.37, SD 0.10) than for the control group (mean 1.30, SD 0.08) (Table III, Fig. 2 ). Similarly, with the increased head size by inclusion of the articular cartilage thickness, the HNR art was also significantly (p = 0.001) larger for the pseudotumour group (mean 1.49, SD 0.11) than for the control group (mean 1.41, SD 0.08). Postoperatively there was no statistical difference in either HNR post (p = 0.069) or HJR post (p = 0.594) between the two groups. By the time of follow-up the pseudotumour group had larger HNR follow values than the control group (mean 1.47, SD 0.16; mean 1.35, SD 0.08, respectively, p = 0.001). The values of HJR follow were also larger for the pseudotumour group (mean 1.42, SD 0.17; mean 1.31, SD 0.07, respectively, p = 0.001); correspondingly the proportional junction narrowing was 10.1% (SD 7.3) for the pseudotumour group compared to 3.5% (SD 3.1) for the control group (p < 0.001).
In the pseudotumour group 15 (83%) of the hips had 5% or more junction narrowing, compared to ten (24%) of the control group (p < 0.001). A total of six of the pseudo- tumour group had 10% or more junction narrowing, compared to two (5%) of the control group (p = 0.007). There were no statistical differences between the groups in terms of acetabular anteversion (mean 12.2° (SD 7.6) mean 15.3° (SD 7.2), respectively; p = 0.093) and inclination (mean 49.5° (SD 11.6) and mean 47.0° (SD 7.1), respectively; p = 0.478).
When the two groups were compared on a genderspecific basis, the differences between them were found to be due to differences between women. There were no significant differences between men from the two groups for any of the HNR measures (Table III) . However, for the women in the pseudotumour group the HNR pre, HNR art, HNR follow and HJR follow values were significantly higher than for the women in the control group (Table IV) . There was no significant difference in HNR post nor in HJR post between women in either group.
ROC analyses for prediction of pseudotumour formation.
Considering both groups, HNR pre was significantly (p = 0.001) more predictive than chance (AUC = 0.77, 95% CI 0.62 to 0.92 versus AUC = 0.5 for chance) at predicting pseudotumour formation. Performing the same analysis for women only, the AUC for HNR pre was 0.89 (95% CI 0.80 to 0.98, p < 0.001) (Fig. 3) . A threshold value of 1.35 for HNR pre gave the highest sensitivity (92.9%) and specificity (78.4%) in predicting pseudotumour formation in women (Table V) . HNR pre > 1.35 had a 3.4 times higher risk of developing pseudotumour than those below (p < 0.001). No women with HNR pre ≤ 1.3 developed pseudotumour.
For the whole cohort, the change in the HNR art, to the HNR post was more predictive than chance (AUC = 0.68, 95% CI 0.52 to 0.82, p = 0.032). When considering women only, the predictive power of this change in HNR was improved (AUC = 0.782, 85% CI 0.64 to 0.92, p = 0.002). A threshold value of -0.15 for the change in HNR art to HNR post , which was the equivalent of a 5.3 mm reduction in the diameter of the femoral head with its articular cartilage, for women gave 71% sensitivity and 81% specificity. Women who downsized by more than 5.3 mm had a 4.4 times higher risk of developing a pseudotumour than those who downsized by less than 53 mm (p < 0.001).
JN% for the whole cohort was significantly (p < 0.001) better than chance at detecting pseudotumour formation (AUC = 0.86, 95% CI 0.77 to 0.95). A threshold of 5.1 JN% gave the highest combination of sensitivity (83.3%) and specificity (76.2%) for the detection of pseudotumour. A threshold of 10% gave a 33.3% sensitivity and 95.2% specificity.
Discussion
Impingement after hip replacement will tend to cause the femoral head to sublux within the acetabular component. With a metal-on-metal articulation this will cause edge loading with loss of lubrication and potentially massive wear. The risk of impingement depends on both acetabular and femoral factors as well as hip movements. One of the most important femoral factors influencing when impingement occurs is HNR. Impingement occurs with a small range of movement as the size of the head decreases and the size of the neck increases, both of which are associated with a reduction in HNR. There is a trigonometric relationship between HNR and the angle at which impingement occurs (Fig. 4) . From this relationship, for a normal or a resurfaced hip an increase in HNR of 0.1 results in impingement occurring about 5° later, or Received operating characteristic (ROC) curve for women only, examining the power of pre-operative head-neck ratio (HNR) in predicting pseudotumour. The difference between the curve and the reference line demonstrates the substantial predictive power of HNR pre .
increases the range of movement without impingement by about 10° (Fig. 4) . Prior to hip resurfacing we found that women had a larger mean HNR than men (HNR pre = 1.33 and 1.24, respectively, HNR art = 1.46 and 1.33, respectively). Other factors being equal, this would allow women to have about an 11° greater range of movement without impingement than men.
As the neck size does not change during the operation, the reduction in HNR between pre-and post-operation is a manifestation of a reduction in the size of the head. In this series resurfacing reduced the size of the head by a mean of 3.7 mm when taking into account the thickness of the articular cartilage. The reason why the head size was smaller after hip resurfacing than before was probably due to the surgeon's desire to preserve acetabular bone (but without notching the femoral neck). The greater the pre-operative HNR, the more the head size could be reduced without notching the neck. This tendency to reduce the HNR more if the pre-operative HNR was high, is demonstrated in Figure 1 .
During the follow-up period, both the HNR and the HJR increased significantly. As the size of the metallic head remained constant, these increases must be a manifestation of narrowing of the femoral neck. Post-operatively, the mean reduction of the narrowest part of the neck (assessed by HNR) was about 3.9%, which is about 1.3 mm. The mean reduction at the head-neck junction (assessed by HJR) was about 5.7%, which is about 2 mm.
The hips with a pseudotumour were different from the control hips in a number of ways. Pre-operatively and at follow-up/revision they had a higher HNR. However, postoperatively there was no difference in HNR. As a result, the changes between pre-and post-operative HNR and between post-operative and follow-up/revision HJR were greater for the pseudotumour group. This implies that in patients with a pseudotumour the size of the femoral head was reduced more at operation, and that subsequently more narrowing of the neck occurred. The differences were particularly marked and statistically significant in women, whereas in men they were not statistically significant. This might be because few men were included in the pseudotumour group, or because the aetiology and significance of HNR changes in men with a pseudotumour is different from those in women. The data suggest that an important patient risk factor associated with pseudotumour formation is a very high head-neck ratio pre-operatively, which is more likely to occur in women. The main surgical risk factor is downsizing of the head in these patients with high HNR pre, which can be easily done to retain acetabular bone stock, as there is very little risk of notching the neck. The average decrease in HNR, including the cartilage layer, at the time of operation in women with a pseudotumour was about 0.17 (11%), and the maximum was about 0.25 (16%) ( Table III) . This equates to a mean downsizing of 5.5 mm and a maximum of 8.2 mm, which would reduce the range of movement in the hip without impingement by a mean of 13° and by a maximum of 21°. This would increase the likelihood of these patients impinging and edge loading their metal bearings.
The ROC analysis suggests that a useful threshold for predicting whether patients will develop a pseudotumour is a pre-operative HNR of 1.35. The incidence of pseudotumour formation in patients with HNR pre < 1.35 was 3.4 times lower than in patients with HNR pre > 1.35. However, pseudotumours still occur when the HNR is < 1.35. A safer cut-off to use clinically may be 1.30, as in this study no woman with an HNR of 1.30 or less developed a pseudotumour. In order to minimise the risk of pseudotumour formation we have previously suggested that surgeons should be cautious about resurfacing in women. 10 We can now refine this advice to suggest that surgeons should be cautious about resurfacing in women with HNR > 1.3.
Reducing the size of the femoral head at operation was found to increase the risk of pseudotumour formation, with a reduction by > 5.3 mm in both genders increasing the risk 2.9-fold. On this basis we believe that the resurfacing head should be similar in size to the cartilage surface of the native head, and should not be more than 5 mm smaller. However, we have no evidence that retaining the head size will prevent pseudotumours from occurring in patients with a very high pre-operative HNR, who are at high risk for developing a pseudotumour, because all patients in our study with HNR pre > 1.35 had downsized heads. Further observation will be required to investigate this point.
At follow-up, the HNR and HJR were generally larger and more variable in patients with a pseudotumour than in controls, which suggests that a pseudotumour may actually cause neck narrowing. An alternative explanation could be that the impingement that might be contributing to pseudotumour development also causes neck narrowing.
This study has a number of limitations, the main one being the small number of patients, particularly men. However, it is noteworthy that the majority of men who developed a pseudotumour had low HNR pre , whereas the majority of women had very high HNR pre , suggesting that the aetiology may differ between genders. The aetiology of pseudotumour is likely to be multi-factorial, yet in this study we have focused on one factor only. However, in both this and a previous study, 17 which included most of the patients with a pseudotumour which we report here we found that the mean acetabular inclination and anteversion were similar in patients with a pseudotumour and controls, but the scatter was larger in those patients with a pseudotumour. In the previous study most patients with a pseudotumour had poorly positioned acetabular components.
14 The patients with wellpositioned components who developed a pseudotumour did, however, all have pre-operative HNR > 1.30, supporting the concept of a multi-factorial aetiology.
This study has shown that patients whose pre-operative HNR is > 1.30 and who have a marked decrease in HNR as a result of the resurfacing are at high risk of developing a pseudotumour. This high pre-operative HNR might permit a greater reduction in the size of the femoral component without notching the neck, which in turn increases the risk of impingement with edge loading, increased wear and pseudotumour formation.
